A method of cutting permanent magnets with circular arcs of offset center was proposed on the basis of the principle of similarity under the condition of slip drive to obtain a permanent magnet transmission scheme for low permanent magnet torque fluctuations. The magnetic flux distribution of each region in the magnetic circuit was altered by changing the shape of the permanent magnet. Different magnetic torque curves were obtained by selecting silicon steel sheet with different thicknesses. The relationship between the magnetic flux distribution and the relative rotation angle in the silicon steel sheet was further analyzed, and the direct cause of the influence of the thickness of the silicon steel sheet on the magnetic torque was obtained. The parameters of different eccentric arcs were selected for simulation calculation, and a smooth magnetic torque curve was obtained after fixing the thickness of the silicon steel sheet. On the basis of the results of the former two, the parameters of the eccentric arc were obtained by the magnetic torque value volatility using an approximation method, and the magnetic torque value was measured by making the physical object. According to the results of the simulation and experiment, the permanent magnets with eccentric arcs can be used to obtain the smooth magnetic torque in the range of a 0 • -90 • relative rotation angle, which has a certain application value.
I. INTRODUCTION
The magnetic transmission concepts dated back to the early 20th century [1] . Recently, many studies on permanent magnet transmission have emerged. The axial-flux modulated superconducting magnetic gear has currently been specifically studied using a superconducting bulk magnet replacing conventional permanent magnet [2] . The coaxial magnetic gear with an eccentric pole of the inner rotor and Halbach arrays of the outer rotor was proposed and studied to improve the torque density of a coaxial magnetic gear (CMG) [3] . Substantial studies on the CMG were performed in [4] - [6] . Magnetic gears that were well suited to execute high-torque direct-drive operations for oceanic wave energy harvesting applications were designed [7] . The shape of the flux modulators of the concentric magnetic gear affects the torque capability and ripples [8] . A new geometry was proposed for the The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney. magnetic gear to reduce the eddy-current loss of permanent magnets and improve the torque transfer efficiency [9] . The permanent magnet shape is one of the main factors affecting the performance of permanent magnet transmission. The CMG has a great advantage when a large radius and a small axial length are permissible. Hence, the CMG is suitable for the drivetrain of vehicles [10] . A novel topology of a planetary magnetic gear having only two rotating parts demonstrated a torque density of 187 kN · m/m 3 [11] . The air-gap magnetic fields and eddy-current densities of a non-rotary mechanical flux adjuster (MFA) were investigated under the different shifting distances of a MFA, which reveals the fairly good torque regulation effects [12] . The designed electromagnetic coupling regulator controller can ensure the stable voltage export by changing the magnitude and direction of the excitation current to adjust the size of the air gap magnetic field. Therefore, the problem of output voltage instability in the wide speed and load ranges of the hybrid excitation generator was solved [13] . A novel structure of a HP motor was proposed to simplify the manufacturing processes and increase the efficiency [14] . A new analysis method of the permanent magnet irreversible demagnetization was proposed, which uses the dynamic air-gap flux density simulated under various temperature B-H curves and the relationship between the braking torques, to predict the demagnetization of the permanent magnet [15] . A verification process was conducted. In a considerably wide range of slip speeds, the torques were predicted by the presented method match well with those obtained by the three-dimensional finite element analysis and experimental measurement [16] . When the slip speed between the two disks is 0.2, the temperature of the copper is up to 200 • , and the PM is 30 • . The temperature rise of the permanent magnet is small, but the temperature of the copper is high [17] . A multiphase hybrid permanent magnet generator for series hybrid electric vehicles was designed, which includes two rotor elements: a permanent magnet and a wound field rotor with a 30% split ratio, coupled on the same shaft in one machine housing [18] .
However, the current scheme of permanent magnet transmission is difficult to apply in automotive power transmission because it cannot perform high efficiency in constant variable transmission [19] , [20] . The magnitude and direction of torques, which are exerted on the inner rotor while keeping the ring and the outer rotor fixed, are periodically changing [21] . This scenario is not very suitable for slip transmission. A continuously variable transmission can best match the engine and the entire vehicle, but the expected increase in fuel economy and acceleration performance has not been achieved in many cases [22] . Attempts to increase the efficiency of the conventional planetary gear-type automatic transmission with a torque converter have been made through increasing the number of gears and lockup clutches [23] . It is very complex. The dual-clutch transmission leads the seamless output torque during a shift, when considerable heat is generated due to friction, by disengaging the off-going clutch simultaneously as engaging the oncoming clutch [24] . If a permanent magnet slip drive with high torque density exists, then it will be able to meet this demand and consist of few components. Several calculate methods to the torque of the magnetic device were researched and proved viable by the test experiment [25] . The maximum torque of the improved prototype magnetic gear dramatically increased, which is similar to a conventional planetary type mechanical gear [26] . Given the existence of the slip, the eddy current coupling the maximum efficiency is lower than 97%, while its ratio can be variable [27] . To obtain a smooth magnetic torque as designing a permanent magnet motor, research was carried out using a special-shaped permanent magnet, and the experimental verification was obtained [28] . The switched reluctance motor under a heavy load has local magnetic saturation, which is rationally utilized to accurately estimate the speed and position [29] . A novel device with a variable ratio and a high torque density was designed to best match the engine and the entire vehicle [30] . The calculation and analysis of magnetic fields are commonly used in two laws, namely, the Ampère circuital theorem and flux continuity principle [31] . For magnetic circuit analysis, the magnetic law is the Ohm law, that is, the magneto motive force acting on the magnetic circuit is equal to that in the magnetic circuit. The magnetic flux is multiplied by the magnetic resistance, which is similar to the Ohm law in the circuit, and the magnetic circuit of the mechanism in the silicon steel sheet changes, which has a great influence on the law of magnetic torques [32] . If a mechanism can integrate the advantages of permanent magnet and eddy current couplings, then it can realize efficient transmission and continuous variable transmission. Hence, it can widen the range of the permanent magnet transmission application. When the automobile transmission shifts due to the speed ratio change of the transmission, the driving and load speeds are inconsistent, a transition phase to make the driving and load speeds consistent occurs. In this transitional phase, if the transmission torque value is simply reduced and the power is not interrupted, then the slip mechanism applies, and the comfort of the occupant improves. Further reducing the fluctuation of the transmission torque value during the transition phase can improve the comfort of the occupant. Given its use in automobiles, the mechanism is demanding in terms of small size, light weight, high transmission efficiency, reliable operation, and simple maintenance. The design difficulty of this mechanism type is how to obtain the change of the magnetic torque value when the slip drive is small. To address this challenge, this study focuses on how to obtain the small fluctuation magnetic torque of the active part and the follower of the magnetic drive within a relative rotation angle of 90 • (hereinafter referred to as the relative rotation angle). When operating in the slip drive mode, if the relative angle exceeds 90 degrees, the direction of the magnetic torque between the drive and output disks changes, which is not conducive to smooth transmission. Therefore, dividing the slip drive into small transmission time units is necessary. In each unit, the drive disk was rotated back and forth with respect to the output disk, and the relative rotation angle is at most 90 degrees. The direction and magnitude of the magnetic torque transmitted in the relative angular range are required to be constant to achieve the smooth transmission of the mechanism.
II. STRUCTURE AND WORKING PRINCIPLE
The designed mechanism is installed between the engine and the transmission. It can realize the slip-and-drive and coupling modes. When the transmitter shifts, the mechanism works at the slip-and-drive mode: the drive disk is connected to the engine through a drive control mechanism, and the output disk receives the input power through non-contact magnetic field force. Two fan-shaped permanent magnets are uniformly arranged on the input disk, and two shaped permanent magnets are uniformly arranged on the output disk to reach a small fluctuation in torque value under the slip-and-drive duct. Fig. 1 shows the structure of the mechanism and the distribution of permanent magnets. The mechanism working at slip-and-drive mode as the clutch release, the mechanism uses the non-contact characteristics of magnetic field force to realize the continuously variable shifting function. If the constant input speed is higher than the varying output speed, then the gear ratio can be continuously changed within a range. The time of the mechanism working at slipand-drive mode is divided into several similar small periods of time and the each small period is divided into two parts. During the first part, the drive disk receives the input energy to drive the output disk. It releases its own kinetic energy to drive the output disk during the second half part. The drive disk is frequently accelerated and decelerated in each unit. Therefore, a control system capable of frequently absorbing energy is needed, which can absorb and release input energy at a high frequency and adapt to the acceleration and deceleration conditions of the drive disk. Fig. 2 shows the established simulation model. The driving and output disks contain 20 pieces of silicon steel sheets, each of whose thickness is 0.5 mm. Two fan-shaped permanent magnets are respectively mounted on the opposite sides of the silicon steel sheet. If the sector magnets are arranged side by side, then the rule that its torques vary with the relative rotation angle is similar to that of sinusoidal curve, which are not suitable for the slip transmission. The shape and size of the permanent magnets on the drive and output magnetic disks are initially designed as a regular sector with an outer diameter of 130 mm, an inner diameter of 46 mm, and a sector angle of 150 • . The interval angle between the magnets on the same magnetic disk is initially designed to be 30 • . In the simulation software, the permanent magnet material is Nd-Fe-B (named Neodymium Iron Boron:48/11), and the residual flux density (Br) is 1039.67 mT (20 • ). The outer material is selected from silicon steel sheet, which has the high magnetic permeability (named M-36 26 Ga). The thickness of air gap is 2 mm. The rotational speed of the driving magnetic disk is set to 1 • /ms, and the time of simulation is set to be 360 ms. Accordingly, the driving magnetic disk will rotate for 360 • relative to output magnetic disk in 360 ms. The simulation result segment with a length of 90 ms is selected as the research object. The equivalent magnetic circuit and the parameters depending on relative rotation angle are provided.
III. EFFECT OF PERMANENT MAGNET SHAPE ON MAGNETIC TORQUE
When the PMs installed on the drive and output magnetic disks are fan-shaped, the torque characteristics of the moving disk simulated by MAGNET software are shown in Fig. 3 (20 • ) . The value of magnetic torques changed greatly corresponding to the relative rotation angle between 0 and 90 • . The magnetic torque does not vary smoothly within the range of relative rotate angle between 0 • and 90 • . The magnetic torque varies greatly within the range of relative rotate angle between 30 • and 95 • and triggers large vibrations when the device is operating in the slip drive mode. Having observed the variation of the torque curve, the research envisages the use of arc-cut sector-shaped PMs to obtain a smooth magnetic torque characteristic solution according to the principle of similarity. A section between the start and end angles was selected as the object of study. The larger the magnetic field force radius is, the larger the magnetic torque value is; otherwise, the smaller the magnetic torque value is. It is considered to reduce the PM from the part that has a small radius of the sector magnet. The mean value of the magnetic torque must be steady when the driving, and adding weight is unnecessary.
Many methods are available to obtain the smooth curve of the output torque. In our solution, we change the shape of the PM in the output disk to adapt to the special case of the magnetic circuit change to obtain the stable magnetic torque Fig.4 exhibits that O 1 refers to the center of the sector-shaped PM, R 2 refers to the inner diameters, and R 1 refers to the outer ones. The center (In Fig. 4 , it is represented by O 2 ) of the eccentric circular arc is (x, 0), and the radius R 3 is |x| + R 2 . Hence gaining the adjustment parameters is easy when cutting. The parameters are also easier to adjust. Many parameters affect the shape of the output magnetic torque. Some parameters are fixed, and then x and R 3 are selected for this research to obtain a magnetic torque shape with small fluctuations. Finally, the proposed method in our research is proven to be one of the ways to solve the problem. The arc itself is a quadratic curve, the right half of the PM is cut off, and the dimension of the remaining portion of the PM in the radial direction changes as the law of the quadratic curve along the central angle. Fig. 5 shows the relative initial position of the PM and the 3D finite element model and the arrangement of the PMs (θ1 = 150 • , θ2 = 150 • , θ3 = 30 • , θ4 = 30 • , θ5 = 15 • , θ6 = 45 • ). The special-shaped PMs are mounted on the output disk, while the fan-shaped PMs are mounted on the driving disk. Under the slip drive mode, the drive disk rotates in relative to outputs disk in -z direction 90 • and then rotates in the +Z direction. The local meshes were refined to improve the accuracy of simulation calculations. The driving and output disks contain several pieces of silicon steel sheets, each of whose thickness is 0.5 mm (Fig. 2 shows the location of the silicon steel sheet). The magnetic field diagram of the device is very complicated. The direction of magnetic flux lines in the PM and the silicon steel plate varied greatly as the relative rotation angle changed. An additional sub-figure is added to show the key relative positions of the magnetic direction flux line corresponding t o 0 and 90 degrees.
The torque curve is shown in Fig.6 , where the thickness of the sector-shaped and special-shaped PMs is 10 mm, the thickness of the air layer is 2 mm, the X is 14 mm, and the temperature is 20 • . When the thickness of the silicon steel sheet is 10 mm, the magnetic torque value is large. When the value of relative rotation angle is between 70 • to 90 • , the values of magnet torques and relative angles are negatively correlated. Hence, changing the value of X to obtain a smooth magnetic torque curve is not conducive, especially in the range of relative angles of 80 • to 90 • . When the thickness of the silicon steel sheet is 5 mm, the magnetic torque value first decreases as the relative rotation angle increases and then increases. It is also not conducive to obtaining a smooth magnetic torque curve by changing the X value, and the magnetic torque value is greatly reduced. After several attempts, the model with a silicon steel sheet thickness of 7 mm is selected, where the average magnetic torque value was moderate and the PM parameter can be further optimized to obtain a stable magnetic torque curve.
Changing the number of silicon steel sheets, that is, changing the total thickness of the silicon steel plate, can change the curve of the magnetic torque. The reason is that the change of the magnetic flux density in different parts of the silicon steel sheet affects the reluctance of the magnetic circuit and the distribution of the magnetic flux of each branch. The static magnetic field analysis was carried out by selecting a model with a silicon steel plate with a thickness of 7 mm (14 sheets) and 10 mm (20 sheets), respectively. The change in magnetic flux density in the outermost silicon steel sheet can be seen in Fig. 7 (the silicon steel sheet is 7 mm thick, and the relative rotation angle is 0 • ), where magnetic saturation does not occur. For the exploration of the law of obtaining smooth magnetic torques, the distribution of magnetic flux and field lines in key areas are specifically studied. The relative rotation angles of 0 degrees and 90 degrees were selected for the study to simplify the problem and fully explain the problem. Three slices were selected for each location for the analysis and the magnetic field conditions at the corresponding two locations were compared. In the axial direction, the strength of the outer magnetic field of the silicon steel sheet is small, and the outer side of the radial direction has a slightly strong magnetic field distribution. Therefore, providing a house for magnetic field shielding depending on the magnetic field distribution is necessary. Fig. 8 (a, b) shows the magnetic flux lines and the distribution changing of magnetic flux density between the drive and output disks. They are the main factors that affect the smoothness of the magnetic torque. When the relative rotation angle is 90 • , no region where the magnetic flux is saturated in the outermost silicon steel sheet emerges. Accordingly, obtaining the smooth curve of magnetic torques becomes easy by changing the value of X when the thickness of the silicon steel sheet is 7 mm. Therefore, the silicon steel sheet and the PM must be precisely installed to prevent the deviation of the relative position of the silicon steel sheet or the position between the silicon steel sheet and the PM at different relative angles, which would trigger the dramatically large deviation of the actual measured magnetic torque value and simulation calculation in some relative angle segments.
With the reasonable shape of the PM and thickness of the silicon steel sheet selected, the simulated magnetic torque curve is obtained by changing the value of X . Take the x value (Table 1) , and use the MAGNET R software to simulate calculate after trial cutting. The law under the simulation calculation is shown in Fig. 9 , where the temperature is 20 degrees. The five X values are selected, and the torque characteristics obtained by simulation are shown in Fig. 9 . The torque characteristic is the most smooth when X = 15. The torque curve when X = 15 has convex attribute, which lays the foundation for further optimization.
IV. RESULTS AND ANALYSIS
The simulation results reveal that if the inner diameter of the PM is 46 mm and the outer diameter is 130 mm, then low torque ripples can be obtained at a relative rotation angle in the range of [0 • , 90 • ] where the x value is 15.8 mm and the radius of the cutting circle, the eccentric arc, is 38.8 mm.
The prototype machine can be seen in the Fig. 10 , which is manufactured by the above parameters. Two curved grooves on the output disk and two pins on the drive disk are available. Under the action of magnetic torques, the initial positions of the output and drive disks are determined by pins and curved grooves. The maximum relative rotation angle corresponds to the maximum offset position. The disk holder is made of PLA materials by using a 3D printer, and an angle scale is printed on the outer circle to facilitate measurement and improve measurement accuracy. The metal disk is behind the plastic disk to improve the overall rigidity of the disk tray. The machine installed only the moving and output disks (the air gap between the two disks is 2 mm) to measure the magnetic torque value of the relative rotation angle in the range of [0 • , 90 • ]. We would like to introduce the detailed testing procedure as follows. The output disk is fixed, and the drive disk is rotated with respect to the output disk by a torque wrench. During the testing process, the magnetic torque value would be recorded every 5 degrees, and the temperature is 20 degrees. The torque is measured three times by a dial torque wrench (the minimum scale is 0.5 Nm). The minimum scale of torque wrench with dial is 0.5 Nm, which affects the reading accuracy. Fig. 11 shows that the average torque of the machine is 17.6158 Nm, the minimum value is 17.5 Nm, the maximum value is 17.8 Nm, the standard deviation is 0.0958 Nm, and that the maximum deviation from the average is 1.05%. The simulation model with the same parameters has a torque of an average value of 17.5162 Nm, a minimum value of 17.5352 Nm, a maximum value of 17.8276 Nm, a standard deviation of 0.1012 Nm, and a maximum deviation from an average of 1.78%. The software calculation accuracy is set to 1%. Therefore, a torque law with less volatility can be obtained in terms of the model parameters. Evidently, the PM cutting method and simulation results are reasonable.
The silicon steel sheets and PMs in the experimental system must be reliably fixed to prevent abnormal changes in the magnetic torque value during measurement. A flat bearing was added between the shaft and the drive and output disks to reduce the abnormal friction torque. Solving this problem is also possible by arranging reasonably the plurality of the sets of the drive and output disks in the axial direction and giving the drive or output disks at both ends a relatively rigid support.
V. CONCLUSION
Under the condition of fixing the inner diameter, outer diameter, and thickness of the PM, the magnetic circuit structure in this study can acquire low torque ripples within a relative rotation angle (between the drive and output disks) in the range of [0 • , 90 • ], making the PM drive mechanism transmit smoothly in the case of the slip drive. The magnetic torque drive transmitted by the moving disk in the case of slip is basically constant, and the fluctuation is small. Therefore, this mechanism has significant advantages in some cases where the output is affected by the input. Subsequent tests further achieve good results by making PMs have consistent performance, optimizing the support of the test mechanism, and using high precision test tools at different temperatures.
The mechanism can work with smooth magnetic torques when working in slip conditions; hence, it can realize the continuous variable transmission as the hydraulic torque converter and the dual-clutch. Compared with the hydraulic torque converter and the dual-clutch, the main components of the mechanism are sector PMs and PM with eccentric arcs, which are very convenient to manufacture by the mold and have low requirements on equipment. The power and torque delivered by the mechanism are related to the relative rotation speed. The transmission efficiency of this mechanism, which is related to the efficiency and relative speed of the control transmission mechanism, can be obtained by the transfer power of the output and drive disks. Studying the effect of a relative rotational speed on magnetic torques, the research finds that the magnetic torque values are unequal with different relative rotation angles when the relative rotational speed is small, but the average magnetic torque values are similar.
Given that the spatial distribution of the silicon steel sheets and the PMs and the current values caused by themselves are different, the magnetic torque curve at the relative rotational speeds of 200 degrees/s and 1000 degrees/s cross each other and have similar average values (Fig. 12 ). The ohmic loss powers of PM are 0.022, 0.386, and 26.8 W at the speeds of 200, 1000, and 10000 degree/s. The iron loss powers of the silicon steel sheet are 0.019 W, 0.146 W, and 4.803W at the speeds of 200, 1000, and 10000 degree/s. The corresponding mean torques are 18.428 Nm, 18.43 Nm, and 18.609 Nm and the efficiency values are 99.95%, %99.91, and 99.71%. The power loss of the drive control mechanism was not calculated. Hence, the magnetic torque at a low relative speed can be represented by the static measured magnetic torque by measuring the actual model. When the relative rotational speed is large, that is, when the rotational speed of the drive disk is much higher than that of the output disk, the transmitted magnetic torque value also increases. This slightly increases the efficiency when the difference in rotational speed is large and also has the effect of reducing the rotational speed difference as quickly as possible. Furthermore, it can be used as a closed component of the split transmission to realize the continuously variable transmission of the entire split transmission system.
Presently, the PMs with eccentric arcs have obtained a stationary magnetic moment at a relative rotation angle. The maximum value of relative rotational speed would increase with the ratio of the transmitted magnetic torque value to the moment of the output disk inertia growing. Studying the influence of the various parameters of the mechanism on the law of magnetic torque value is necessary; hence, several outstanding mechanisms are studied for good practical applications. The development of control mechanisms that can work at high frequencies is the focus of future works.
